Background Patients with Charcot-Marie-Tooth disease may develop hip dysplasia. Hip geometry in these patients has not been well described in the literature. Questions/purposes We compared the hip morphometry in Charcot-Marie-Tooth hip dysplasia (CMTHD) and developmental dysplasia of the hip (DDH) in terms of extent of (1) acetabular dysplasia and subluxation, (2) acetabular anteversion and osseous support, (3) coxa valga and femoral version, and (4) osteoarthritis. Methods Fourteen patients with CMTHD (19 hips; mean age, 23 years) presenting for periacetabular osteotomy were matched to 45 patients with DDH (45 hips; mean age, 21 years) based on age, sex, and BMI. We assessed acetabular dysplasia and subluxation using lateral center-edge angle (LCEA), anterior center-edge angle (ACEA), and acetabular roof angle of Tönnis (TA) on plain pelvic radiographs and acetabular volume, area of femoral head covered by acetabulum, and percentage of femoral head covered by acetabulum on three-dimensional CT reconstruction models. Acetabular version and bony support, femoral version, and neck-shaft angle were measured on two-dimensional axial CT scans. Hip osteoarthritis was graded radiographically according to Tönnis criteria. Results Acetabular dysplasia was more severe in CMTHD, as measured by smaller LCEA (p \ 0.001), ACEA (p \ 0.001), and acetabular volume (p = 0.0178) and larger TA (p = 0.025). Hip subluxation was more pronounced in CMTHD, as demonstrated by lower area of femoral head covered by acetabulum (p = 0.034) and percentage of femoral head covered by acetabulum (p = 0.007). CMTHD was associated with higher acetabular anteversion (p \ 0.001), lower anterior (p \ 0.001) and posterior (p = 0.072) osseous support, and more severe coxa valga (p \ 0.001). More (p = 0.006) arthritic hips were found in CMTHD.
Introduction
Charcot-Marie-Tooth disease (CMT) affects approximately 36 in 10,000 people [15] . CMT represents a heritable peripheral neuropathy that is associated with progressive motor disability and sensory loss [5, 7] . In addition to distal lower-extremity weakness, hip abductor and/or hip extensor weakness is present in a subgroup of patients affected by CMT [7, 16, 17, 27] . This proximal hip weakness has been suggested to create a muscular imbalance about the hip that may result in acetabular dysplasia, increased femoral neck-shaft angle (NSA) (coxa valga), and femoral anteversion [7] .
The prevalence of hip dysplasia among patients with CMT is estimated to be 6% to 8.1% [42] . The association between hip dysplasia and CMT was first described by Kumar et al. [16] . The literature on CMT hip dysplasia (CMTHD) is limited to isolated case series reports, and there is limited information regarding the pathophysiology, hip geometry, and natural history of CMTHD [5, 7, 16, 22, 29, 40, 42] . The age at presentation and severity of hip dysplasia vary widely due to the heterogeneous clinical expression of the disorder [7, 42, 46] . Even in cases of severe dysplasia, the presence of pain has been reported to be a later manifestation of CMTHD [16, 40, 42] . Operative treatment is generally recommended for addressing CMTHD [7, 16, 41, 46] . Several corrective pelvic osteotomies, including the Chiari osteotomy [42] , triple osteotomy [41] , Bernese periacetabular osteotomy (PAO) [36, 39] , and Salter innominate osteotomy [16, 22] , have been described. However, surgical correction of CMTHD is challenging and a high risk of complications, including injury of the sciatic nerve, has been previously reported [16] .
Numerous studies have characterized the abnormal hip morphology secondary to developmental dysplasia of the hip (DDH) [6, 12, 14, 20, 24, 30, 34, 44] . However, the geometry of the dysplastic hip secondary to CMT has not been well described in current literature. Surgical correction of CMTHD should consider the complex threedimensional (3-D) deformity of the acetabulum and proximal femur. We therefore determined whether there was a difference in the morphology of the hip between patients affected by CMTHD and those affected by DDH in terms of (1) severity of acetabular dysplasia and subluxation, (2) acetabular anteversion and osseous support, (3) severity of coxa valga and femoral version, and (3) severity of osteoarthritis at the time of presentation for PAO.
Patients and Methods
We used a retrospective observational study design to compare hip morphology between patients affected by CMTHD and those affected by DDH at the time of presentation for PAO. A query of the orthopaedic surgical database at our institution identified 1080 Bernese PAOs performed for the treatment of hip dysplasia between January 1991 and December 2010. Thirty-five PAOs were performed in 27 patients with documented diagnosis of CMT (confirmed by a neurologist) and associated symptomatic hip dysplasia (diagnosed based on a history of hip pain and radiographs revealing a lateral center-edge angle [LCEA] of Wiberg [45] \ 20°). Eight patients with previous pelvic or femoral osteotomies and five patients with no CT scans were excluded. Patients with CMTHD were then matched to patients with hip dysplasia secondary to DDH who also had presented for Bernese PAO on the basis of sex, age at surgery (± 3 years), date of surgery (± 3 years), and BMI (± 3 units). For the matching process, patients with hip dysplasia secondary to Legg-Calvé-Perthes disease and/or neuromuscular disorders, as well as patients with no available preoperative CT scan of the pelvis, were excluded. A total of 58 patients with a primary diagnosis of DDH were matched to the CMT cohort. Thirteen patients with a previous history of hip surgery, including open reduction of the hip and pelvic or femoral osteotomies, were further excluded. The study included 14 patients (19 hips) with CMTHD and 45 patients (45 hips) with DDH. With the numbers available, there was no difference in sex (p = 0.0899), age (p = 0.6770), or BMI (p = 0.2095) between groups (Table 1) . This study was based on review of medical charts and imaging only, and institutional review board approval was obtained before the review and analysis of all study-related data.
Severity of acetabular dysplasia was assessed on standing AP and false-profile radiographs of the pelvis. A hip preservation surgeon not involved in the clinical care of the patients (ENN) measured the LCEA of Wiberg [45] and the acetabular roof obliquity angle of Tönnis (TA) [37] on the AP radiographs and the anterior center-edge angle (ACEA) of Lequesne and de Séze [18] on the false-profile radiographs. To further evaluate the severity of acetabular dysplasia and the degree of hip subluxation, acetabular volume, acetabular area, femoral head area, area of the femoral head covered by the acetabulum, and percentage of the femoral head covered by the acetabulum were assessed on a 3-D CT reconstruction model. CT scans of the pelvis were obtained according to a standardized protocol. The 3-D CT reconstruction model was created after the twodimensional (2-D) CT images were imported into an opensource software package (ImageJ v1.45i; NIH, Bethesda, MD, USA) [31] and further processed by an author not involved in the clinical care of the patients (JR). The margins of the acetabulum were manually traced on each axial slice and the fill tool was used to define a mask over the area enclosed by the acetabulum (Fig. 1) . The acetabular area was calculated for each axial image by summing the pixels at the mask intensity using the built-in threshold function. The volume of the acetabulum was then defined by summing the acetabular area in each of the axial images. A polygonal surface representing the acetabulum was created from the CT voxel data using the 3-D visualization tools [19] . A resampling factor of two was used to smooth the surface mesh. The model was subsequently exported as a Drawing Interchange Format (DXF) file from ImageJ into the software Mimics 1 15 (Materialise, Leuven, Belgium) for further analysis. The volume (cubic millimeters) enclosed by the acetabular surface was then calculated. The femur and acetabulum were further defined by performing a thresholding operation on each axial image. Manual editing tools were used to define the joint cavity and ensure the femur was not merged with the acetabulum. DXF files of the proximal femoral and acetabular surfaces were created and exported from ImageJ to Mimics 1 . Surface editing tools in Mimics 1 were used to remove any overlapping triangles or voids in the polygonal surface mesh. A Laplacian first-order smoothing operation was performed to reduce the presence of artificial asperities on the surface using a 0.7 smoothing factor and three iterations. The acetabular surface area was defined by performing a cutting operation along the acetabular ridge [43] . All elements of the model falling inside this region were used to measure the acetabular surface area (square centimeters). The total femoral surface area (square centimeters) was defined by cutting along the head-neck junction and removing all remaining surfaces from the model [43] (Fig. 2) . The area of the femoral head covered by the acetabulum was defined by viewing the complete 3-D model normal to the coronal plane. The model was then revolved around the axis normal to the sagittal plane such that no rotation in the transverse and coronal planes was permitted. This method was chosen to ensure interpatient surface measurements were consistent. Any visible portions of the femur not covered by the acetabulum were resected from the 3-D model via a cutting operation (Fig. 3 ). The remaining surface was used to define the area of femoral head covered by the acetabulum (square centimeters). The percentage of the femoral head covered by the acetabulum was calculated as the ratio of femoral head surface area covered by the acetabulum to the total area of the femoral head 9 100 as previously described [12] .
Acetabular version, acetabular osseous support, femoral NSA, and femoral version were assessed on 2-D CT scans of the pelvis obtained according to a standardized protocol. Patients were scanned supine with the pelvis in a neutral position. Contiguous axial images through the hip were acquired helically on either a single-detector CT scanner at 1.00-mm thickness or on a multidetector CT scanner at 0.624-section thickness and reconstructed at 1.25 mm using a bone algorithm. Images were acquired from the iliac crest through the lesser trochanter of the femur. Axial images through the distal femur were included to measure femoral version. All images were evaluated on a Picture Archiving and Communication workstation (Synapse 1 ; Fujifilm Corp, Tokyo, Japan). Measurements were made with an electronic caliper and/or angle tool by a single experienced radiologist (SDB). To determine the spatial orientation of the acetabulum, the acetabular version angle was measured from axial CT scan images as the angle between the line connecting the anterior and posterior margins of acetabulum and a line perpendicular to the center line (the line connecting the femoral heads). Acetabular version angle measurements were obtained at the following levels, relative to the acetabular roof: 5 mm (Level I), 10 mm (Level II), 15 mm (Level III), 20 mm (Level IV), and 25 mm (Level V, the closest to the center of the femoral head) [2] (Fig. 4 ). To determine the anterior and posterior acetabular bony support for the femoral head, the anterior acetabular sector angle and the posterior acetabular sector angle were measured on axial images at the level of the center of the acetabulum [2] (Fig. 4 ). The anterior acetabular sector angle was measured as the angle between the center line, the line connecting the femoral heads, and a line from the center of the femoral head to the anterior margin of acetabulum [2] . The posterior acetabular sector angle was defined by the angle between the center line and a line from the center of the femoral head to the posterior margin of acetabulum [2] . Severity of coxa valga was determined by measurement of the femoral NSA on a reformatted coronal-plane CT scan at the level of the center of the femoral head. Femoral NSA was measured on a reformatted coronal-plane CT scan at the level of the center of the femoral head. The femoral NSA was defined by the angle between a line through the axis of the femoral neck and a line through the longitudinal axis of the femoral shaft [6] . Femoral version was measured as the angle between a line bisecting the long axis of the femoral neck (from the center of the femoral head to center of the femoral neck) and a horizontal line [30] . Femoral version was corrected for rotation at the level of the femoral condyles by measuring the angle between the posterior intercondylar line and a horizontal line.
The osteoarthritis grade was assessed on AP pelvic radiographs using the grading scheme of Tönnis [37] . A normal joint space with no acetabular roof sclerosis was graded as 0, joint space narrowing with widened sclerotic zone and minimal osteophyte formation as 1, moderate loss of joint space with cystic formation as 2, and severe loss of joint space (\ 1 mm) as 3.
Descriptive statistics were used to summarize the demographics and clinical characteristics of all patients included in the analysis. Chi-square, Fisher's exact, and Student's t-tests, when appropriate, were used to compare the distribution of demographics in the two groups. Linear regression analyses were used to compare measurements obtained from plain radiographs, 2-D CT scans, and the 3-D finite element analysis between the CMTHD and DDH groups. An alpha value of 0.05 or less was considered statistically significant. All statistical analyses were performed with SAS 1 Version 9.3 (SAS Institute Inc, Cary, NC, USA).
Results
Acetabular dysplasia was more severe in CMTHD than in DDH, as measured by plain AP and false-profile radiographs and 3-D CT reconstruction models ( Table 2) . Analysis of plain radiographs revealed the mean LCEA (mean difference, À11°; 95% CI: À18°to À5°; p\ 0.001) and mean ACEA (mean difference, À21°; 95% CI: À29°to À12°; p \ 0.001) were significantly lower while the mean TA was significantly higher (mean difference, 5.5°; 95% CI: 0.7°-10°; p = 0.025) in the CMTHD group than in the DDH group. CMTHD hips demonstrated a significantly lower acetabular volume (mean difference, À4.2 cm 3 ; 95% CI: À7.6 to À0.7 cm 3 ; p = 0.018) than DDH hips. Hip subluxation was also more severe in CMTHD (Table 2) , as demonstrated by a lower area of the femoral head covered by the acetabulum (mean difference, À3.7 cm 2 ; 95% CI: À1.4 to 12 cm 2 ; p = 0.034) and lower percentage of the femoral head covered by the acetabulum (mean difference, À15%; 95% CI: À25% to À6.5%; p = 0.007).
CMTHD hips demonstrated higher degrees of acetabular anteversion and more deficient osseous support to the femoral head ( Table 3 ). The mean acetabular version angle was significantly higher in the CMTHD group than in the DDH group at all levels measured: Level I (mean difference, 12°, 95% CI: 8°-16°; p \ 0.001), Level II (mean difference, 11°; 95% CI: 6°-16°; p \ 0.001), Level III (mean difference, 10°; 95% CI, 4.9°-14°; p\0.001), Level IV (mean difference, 7°; 95% CI: 2.9°-11°; p = 0.001), and Level V (mean difference, 4.2°; 95% CI: 0.1°-8°; p = 0.043). Anterior and posterior acetabular support were more deficient in the CMTHD group than in the DDH group, as evidenced by significantly lower anterior acetabular section angle (mean difference, À21°; 95% CI, À28°to À14°; p \ 0.001) and posterior acetabular section angle (mean difference, À6.8; 95% CI, À12°to 1.9°; p = 0.0072).
Coxa valga was more severe in CMTHD than in DDH (Table 3) , as measured by a significantly higher femoral NSA (mean difference, 8.7°; 95% CI, 3.7°-14°; p\0.001). In contrast, there was no difference in femoral version (p = 0.104) between groups.
Osteoarthritis of the hip was significantly (p = 0.006) more prevalent in the CMTHD group (Table 2) . No patient in the DDH group presented with hip osteoarthritis while three of 19 hips in the CMTHD group presented with moderate arthritis (Tönnis Grade 2) and one with severe arthritis (Tönnis Grade 3).
Discussion
The complex 3-D geometry of the acetabulum and the pattern of acetabular insufficiency should be recognized to apply the appropriate corrective osteotomy of the pelvis and/or femur associated with hip dysplasia. Nevertheless, the pathoanatomy of the dysplastic hip in CMT is not well described in the literature. Therefore, in this study, we performed a morphometric comparison of the acetabulum and proximal femur in 19 hips affected by CMTHD and 45 hips affected by DDH. We found that patients with CMTHD in general had more severe acetabular dysplasia, greater acetabular anteversion with less anterior and posterior acetabular osseous support to the femoral head, more severe coxa valga, and higher prevalence of arthritis at the time of presentation for PAO than patients with DDH.
We acknowledge several limitations of this study. First, our search criteria included only patients who had undergone PAO, which could lead to a selection bias because some pediatric patients with other types of hip surgery were not included. Although the sample size was relatively small, to our knowledge, this is the first series of CMTHD analyzed by standard radiographic and CT scans methods. Second, a single observer performed measurements on radiographs (ENN), axial CT scans (SDB), and 3-D CT reconstruction models (JR). Interobserver and intraobserver reliability for plain radiographs parameters in adults with hip dysplasia have been reported to be moderate to excellent [26, 35] . Intraobserver and interobserver reliability for the acetabular version, anterior acetabular sector angle, and posterior acetabular sector angle have also been reported to be excellent [11] , with intraobserver reproducibility (95% limits of agreement) for acetabular version within 3.43°( range, À2.02°to 3.43°) [13] . Intraobserver variability in measurements of the percentage of the femoral head covered by the acetabulum was reported to range from 0% to 7.8%, with overall average intraobserver differences of only 1.4% [12] . Third, because of the limited sample size of the CMT group, we were not able to evaluate the relation between potential differences specific to age and sex. Fourth, although our data showed a more severe pattern of dysplasia in the CMTHD cohort than in the DDH cohort, the clinical consequences and impact on surgical reconstruction are yet to be determined. We found a more severe degree of acetabular dysplasia and hip subluxation in CMTHD than in DDH. The severity of CMTHD assessed by the LCEA, ACEA, and TA are in agreement with measurements described in previous studies on pelvic osteotomies for the treatment of severe hip dysplasia with marked subluxation or the presence of a false acetabulum [8, 28] . Previous studies evaluating short-and medium-term results of PAO for the treatment of hip dysplasia reported comparable radiographic measurements found in the DDH group [9, 21, 32, 33] . We also found lower acetabular volume in CMTHD than in DDH. The difference in acetabular dysplasia between CMTHD and DDH may be related to the neuromuscular progressive nature of CMT. Weakness of the proximal musculature of the hip gradually increases over time, aggravating the degree of acetabular dysplasia and hip subluxation [7, 16, 17, 27] . It is well recognized that patients with CMTHD do not develop symptoms until early adulthood, which may correspond to advanced subluxation of the hip [16, 40, 42] . We found more severe subluxation of the hip in CMTHD compared to DDH as measured on 3-D CT reconstruction models. Previous studies have used 3-D CT models to assess the severity of hip subluxation by measuring the percentage of the femoral head covered by the acetabulum. Normal values have been reported to range from 73% to 89% [10, 12] compared to 51% to 65% in DDH [10, 12, 25] . Compared to the literature, our data showed a higher degree of subluxation in CMTHD hips, with an average of 45% of femoral head area covered by the acetabulum. The area of the femoral head area covered by the acetabulum has been reported to measure around 26 cm 2 in normal individuals [43] . This value is higher than the value we reported for CMTHD but is comparable to that of our DDH cohort.
We reported a higher degree of acetabular anteversion in the CMTHD group compared to the DDH group. While normal values ranging from 15°to 20°have been reported [2, 12, 30, 34] , dysplastic hips have typically been associated with higher anteversion ranging from 21°to 23° [ 3, 12] . In both groups, the acetabular version increased as the level of measurement moved from cranial to caudal. This phenomenon has been previously described for DDH [3, 11] but not for normal hips [2] . In CMTHD hips, however, acetabular anteversion was consistently more severe than in DDH hips at every level measured. Understanding acetabular version is important before surgical correction of hip dysplasia, as both excessive acetabular anteversion and acetabular retroversion have been described as negative predictive factors for survivorship after PAO [1]. Measurements of the acetabular sector angles demonstrated that the acetabular osseous support was severely reduced in the CMTHD hips. Acetabular sector angles were described in the past as a measure of acetabular support to the femoral head. Anda et al. [2, 4] distinguished acetabular coverage (part of the acetabulum primarily concerned with weightbearing in the standing position) from acetabular support (nonweightbearing portions of the acetabulum that contribute to containing the femoral head). Normal values for the anterior acetabular sector angle were determined to be 64°± 6.1°for males and 63°± 6.1°f or females, while those for posterior sector angles were 102°± 8.4°for males and 105°± 7.9°for females [2] . In hip dysplasia, both the anterior and posterior acetabular sector angles are lower when compared to normal reference values [2-4, 12, 23] . In this study, measurements of anterior and posterior acetabular sector angles for the DDH cohort were in line with previous studies [3, 4, 12, 23] . In the CMTHD hips, however, the mean acetabular support angles were significantly lower anteriorly and posteriorly when compared to the DDH hips, indicating a severe globally insufficient acetabular osseous support to the femoral head [12] . This information is important when correcting dysplastic hips secondary to CMT because 3-D reorientation of the acetabulum is necessary and this may only be achieved with a complete PAO.
Using coronal reformatted CT scans, femoral NSA was on average higher in patients with CMTHD than in patients with DDH; however, we did not find a significant difference in femoral version between the groups. Although coxa valga and excessive femoral anteversion have been described as part of the abnormal hip morphology in CMTHD [7, 16, 29, 42] , we are unaware of studies investigating femoral version in CMT. In our study, femoral version in CMTHD and DDH measured higher than previous measurements reported as normal ranging from 15°to 20° [38] . Walker et al. [42] reviewed pelvic radiographs of 74 children with CMT and reported a high prevalence of coxa valga. The authors however could not draw any conclusion about femoral torsion. Although it would be intuitive to consider a correction of the valgus-anteversion deformity by means of an intertrochanteric femoral osteotomy, this technique is controversial in patients with CMT because of the risk of further weakening the hip abductors [7, 16] . Excessive femoral anteversion associated with the excessive acetabular anteversion and insufficient anterior osseous support contributes to the severe pattern of subluxation of the hip reported in the CMTHD group.
In our study, there was a higher prevalence of moderate and severe osteoarthritis in patients with CMTHD than in patients with DDH at time of presentation for PAO. We are unaware of previous studies investigating the prevalence of osteoarthritis in CMTHD. However, previous studies have postulated that patients with CMT do not develop symptoms until later when subluxation and signs of arthritis may be present [29] . Our findings confirm this hypothesis.
In this study, the degree of acetabular dysplasia and hip subluxation were greater in a cohort of patients affected by CMTHD relative to a matched group of patients with DDH. Patients with CMTHD tended to have a global acetabular insufficiency with more severe dysplasia and less femoral head coverage, higher acetabular anteversion, less anterior and posterior acetabular osseous support, and more severe coxa valga than patients with hip dysplasia secondary to DDH. In addition, we observed a higher prevalence of moderate and severe osteoarthritis in the CMTHD cohort. Previous studies have recommended screening patients with CMT for hip dysplasia during childhood [7, 16] . Earlier diagnosis would allow early intervention, potentially avoiding the silent progression of hip dysplasia into the severe pattern described in this series. Further studies would be necessary to investigate whether screening and early intervention are warranted. Understanding the dysplasia severity, acetabular orientation, and pattern of femoral head insufficient coverage is crucial in planning for the appropriate acetabular or femoral corrective osteotomy. We have implemented a routine use of preoperative CT scans for planning the desired correction in patients with CMTHD who are candidates for a pelvic osteotomy. We currently believe the Bernese PAO allows for reorientation of the dysplastic acetabulum in CMTHD. Nevertheless, future clinical research is needed to investigate the clinical and functional outcomes of patients with CMT undergoing pelvic or femoral osteotomies and to define the role of surgical intervention in this complex type of hip dysplasia.
